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In Drosophila the multilayered eggshell forms during late oogenesis between the oocyte and the overlaying follicle cells.
Proper eggshell assembly requires wild-type dec-1 gene function. Alternatively spliced dec-1 transcripts encode three
proproteins that are cleaved extracellularly in a stage-specific manner to at least five distinct derivatives. Using polyclonal
antibodies raised against fusion proteins containing different regions of the dec-1 proteins, we have localized several dec-1
derivatives in the assembling and completed eggshell. Although all of the dec-1 derivatives are generated in the oocyte
proximal vitelline membrane layer, they are differentially distributed in the mature egg. Some derivatives are gradually
released from the vitelline membrane and become localized within distinct regions of the chorion, while others are taken
up by the oocyte or become concentrated in the endochorionic spaces or cavities. The diverse distributions of the dec-1
derivatives suggest that each derivative plays a distinct role in eggshell assembly. These results also suggest that the vitelline
membrane layer, by acting as a transient storage site, may control the availability of molecules active in eggshell assembly and
by extension perhaps other follicle cell products important in early embryonic pattern formation. © 2000 Academic Press
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The assembly of organized, complex three-dimensional
structures is a fundamental process that occurs in all cells
and developing organisms. The assemblies of intracellular
structures such as the ribosome, nuclear pore complex, and
cytoskeletal networks have been the focus of several inves-
tigations. To elucidate some of the molecular strategies and
mechanisms that are used to promote the assembly of
extracellular structures in a developing organism we have
been studying eggshell formation in Drosophila. The Dro-
sophila eggshell is a highly organized multilayered struc-
ure that forms between the oocyte and the overlaying
ollicle cells during late oogenesis. Largely proteinaceous,
ts production involves intercellular signaling (reviewed in
organ and Mahowald, 1996), directed cell migrations
Deng and Bownes, 1998), regulated gene expression (Cava-
iere et al., 1997; Orr-Weaver, 1991; Popodi et al., 1988),
postdepositional processing (Noguero´n, 1996; Pascucci et
al., 1996), and the transient sequestration of selected egg-
shell components (Pascucci et al., 1996; Trougakos and
Margaritis, 1998). Produced over a 30-h period in morpho-
logically distinct developmental stages, the Drosophila
0012-1606/00 $35.00
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assembly in a developing system which features high tem-
poral and spatial resolution.
In Drosophila, eggshell structural proteins are produced
and secreted by ovarian follicle cells during stages 8–14 of
egg chamber development. In mature stage14 egg chambers
the eggshell consists of four morphologically distinct lay-
ers: an oocyte proximal vitelline membrane, a crystalline
inner chorionic layer (ICL), a tripartite endochorion, and an
oocyte distal exochorion. The inner vitelline membrane
layer forms during stages 8–10 while the outer chorionic
layers form during stages 11–14 (Margaritis, 1985). Aside
from its radial complexity, the eggshell also exhibits re-
gional complexity. The most prominent specialized struc-
tures appear at the anterior end of the egg and include the
micropyle, operculum, and dorsal appendages. The micro-
pyle protrudes from the eggshell and allows sperm access to
the oocyte plasma membrane. The operculum facilitates
hatching of the larva at the end of embryogenesis, while the
dorsal appendages allow submerged eggs to respire (Marga-
ritis, 1985).
Three eggshell genes which play essential roles in eggshell
assembly have been identified genetically: sV23, s36, and
459
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fail to organize a tripartite endochorion (Digan et al., 1979). In
wild-type egg chambers s36 is synthesized during the early
choriogenic stages (11–13) and is localized throughout the
endochorion layer in the mature stage 14 eggshell (Pascucci et
al., 1996), a distribution compatible with its mutant pheno-
type. sV23 protein null mutants form an organized endocho-
rion initially; however, during late stage 14 electron-dense
chorionic material begins to accumulate in the vitelline mem-
brane as the endochorion collapses (Pascucci et al., 1996).
Synthesized during stages 8–11, sV23 is localized in the
vitelline membrane layer throughout oogenesis. This suggests
that molecular events within the vitelline membrane layer
play an important role in the stabilization of the outer chorion
layers (Pascucci et al., 1996). Both the organization and the
stability of the endochorion are disrupted in dec-1 protein null
mutants. A structured endochorion framework fails to form
and large aggregates of electron-dense chorion material accu-
mulate in the space between the follicle cells and the vitelline
membrane (Bauer and Waring, 1987). The aggregates eventu-
ally collapse into the underlying vitelline membrane layer
during late stage 14.
The dec-1 gene encodes multiple protein products. During
stages 9–12 the dec-1 gene produces three proproteins, fc106,
fc125, and fc177, from alternatively spliced mRNAs (Waring
et al., 1990). The three proproteins share a 944-amino-acid
N-terminus that includes a central region (332 amino acids)
consisting of tandem repeats of a 26-amino-acid glutamine-
rich motif. The proteins are distinguished by their C-termini.
The fc106-specific C-terminus is 6 amino acids in length, the
fc125 specific C-terminus is138 amino acids, and the fc177
specific C-terminus is 604 amino acids. All three proproteins
are cleaved in protein-specific patterns to smaller derivatives
during the latter stages of oogenesis (Noguero´n and Waring,
1995). To begin to understand its essential role in eggshell
assembly, we have localized dec-1 proteins in the assembling
and mature eggshell. In this paper we show that all of the
dec-1 posttranslational cleavages take place extracellularly in
the vitelline membrane layer and that some of the cleaved
derivatives exit the vitelline membrane layer rapidly while
others exit gradually and incompletely. The distinct localiza-
tion patterns of the different dec-1 derivatives in the mature
eggshell are compatible with its complex mutant phenotype
and suggest that distinct molecular motifs within each deriva-
tive direct its trafficking. Their diverse distributions also
suggest that the dec-1 derivatives are functionally distinct and
are likely to play different roles in the assembly and stabiliza-
tion of the mature eggshell.
MATERIALS AND METHODS
Drosophila Strains
The Oregon R wild-type stock and the dec-1 mutant alleles
fs(1)410 and Df(1)ct4b1 have been described previously (Bauer and
Waring, 1987; Hawley and Waring, 1988). The fs(1)384 and
fs(1)1501 dec-1 mutants were originally described by Komitopou- 1
Copyright © 2000 by Academic Press. All rightlou et al. (1983) and further characterized by Margaritis et al. (1991)
and Waring et al. (1990), respectively. The fc177 overproducing
transformant line utilized in this study was created as described
below.
Construction of fc177 Transgene
As shown in Fig. 1, a fc177 transgene was constructed from a
mixture of fragments derived from dec-1 genomic and cDNA
clones (Waring et al., 1990). The fc177 transgene included coding
sequence for the fc177 transcript along with 1.9 kb of 59 and 1 kb of
39 dec-1 flanking DNA. The fc177 transcript includes 59 donor and
39 splice acceptor sites which when used (stage 10 egg chambers)
produce a smaller transcript that encodes fc125. To eliminate
production of fc125 and maximize production of fc177, the fc125 59
donor site was mutated by PCR mutagenesis. The AGGTTAGC
shown in Fig. 1 was changed to ACTGCAG, creating an ectopic
PstI site that was used in subcloning the mutagenized PCR
fragment. Briefly, an ApaI–HindIII subclone bearing the mutation
was created in two steps. An ApaI–PstI fragment generated by using
mutated 39 and wild-type 59 PCR primers was subcloned into
Bluescript SK(1) (Stratagene). A PstI–HindIII PCR product, gener-
ated by using mutated 59 and wild-type 39 PCR primers, was then
ubcloned into the ApaI–PstI construct. An ApaI–XbaI fragment
containing the mutated donor site (*) was excised and exchanged
with its wild-type counterpart in a XhoI–HindIII subclone (pGem
11Z vector, Promega). The XhoI*XbaI insert was excised and
exchanged with its wild-type counterpart in a pCaSpeR 4
P-element transformation vector that contained the dec-1 gene
along with 1.9 kb of 59 and 1 kb of 39 flanking DNA (G. L. Waring,
unpublished). The fc177 transposon was injected into yw preblas-
toderm embryos and flies that emerged from the injected embryos
were crossed with yw mates. Transformed flies carrying the fc177
transgene were recovered and after chromosomal linkage of the
transgenes was established, homozygous “transgene” stocks were
created and maintained.
Antisera
Selected open reading frames from different regions of the dec-1
ene were subcloned into pATH expression vectors. DNA encoding
FIG. 1. Transcribed region of the fc177 transgene. The top line
shows selected restriction sites and landmarks in the transcribed
portion of the fc177 transgene designed to overexpress fc177 and its
derivatives. X—XhoI, A—ApaI, Z—XbaI, and H—HindIII. The
triangle below the line denotes a 173-bp intron that interrupts the
dec-1 open reading frame shortly after it begins. The positions of
the 59 donor (AGGTTAGC) and 39 acceptor sites (AG) used to
generate the fc125 transcript and the fc177 stop codon are indi-
cated. The solid and dashed lines below the transcription unit
indicate the regions of the transgene which were derived from
genomic dec-1 and fc177 cDNA clones, respectively.40 amino acids from the N-terminus of fc106 was used to generate
s of reproduction in any form reserved.
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N-terminus of s80 was used to generate the Ns80 serum, DNA
encoding 254 amino acids from the C-terminus of fc106 was used
for the Cfc106 serum, and a segment encoding 197 amino acids
from the fc177-specific C-terminus was used for the Cfc177 serum.
The generation and characterization of these rabbit polyclonal sera
are described in Noguero´n and Waring (1995). To follow more
N-terminal sequences within the fc177-specific region, a 393-nt
EcoRI–HindIII fragment (Fig. 2, region 4) was used to generate an
additional fc177-specific antibody. While a small portion of this
segment is contained in fc125/s95 (51 nt), Western blot analyses
with the EcoRI/HindIII antiserum did not reveal reactivity with
these proteins.
Fractionation of Egg Chambers
Ovaries from wild-type (Oregon R, P2 strain) females were
removed in ice-cold Ringers (140 mM NaCl, 2.7 mM KCl, 0.8 mM
Na2HPO4, 0.2 mM KH2PO4, pH 7.3). Stage 14 egg chambers were
pooled and subjected to osmotic shock by exposure to ice-cold
distilled water for 10 min. This treatment promotes separation of
the chorion from the remaining vitelline membrane-bound oocyte
(VMO) (Petri et al., 1976). The chorions were manually removed
from the egg chambers and the resulting chorion and VMO frac-
tions were transferred to test tubes and pelleted by brief centrifu-
gation. Pellets were resuspended in Laemmli sample buffer
(Laemmli, 1970) and the soluble proteins were fractionated by
SDS–PAGE. Proteins were electrophoretically transferred to PVDF
membranes and processed for Western blot analysis as previously
described (Noguero´n and Waring, 1995). Antigen–antibody com-
plexes were visualized indirectly by the addition of 125I-protein A
(New England Nuclear).
Immunolocalizations
Ovaries from wild-type or mutant females were removed in
ice-cold Ringers and fixed overnight at 4°C in 100 mM phosphate-
buffered saline, pH 7.4, containing 1% glutaraldehyde and either 2
or 4% formaldehyde. The fixed tissue was washed, dehydrated, and
infiltrated with Lowicryl K4M resin as described in Waring (1999).
Samples were polymerized in fresh resin at 225°C under UV light
in a UVC2 cryo chamber (Ted Pella, Inc.). After 24 h at 225°C,
polymerization under UV light was continued in the cryo chamber
at ambient temperature for an additional 24 h.
For electron microscopy, thin sections (60–90 nm) cut with glass
knives were mounted on Formvar-coated nickel grids. Prior to
staining, grids were incubated for 60 min in 4% BSA/PBS, pH 7.4,
to block nonspecific binding of the antibodies. Blocked grids were
incubated either for 1.5–2.5 h at room temperature or at 4°C
overnight with antibodies diluted in PBS, pH 7.4, containing 500
mM NaCl, 1% BSA, and 0.1% Tween 20 (PBS-A). Following several
short washes (5 min each) in PBS, pH 7.4, containing 0.5% BSA, the
grids were incubated for 1.5–2 h at room temperature in secondary
antibody [15-nm gold conjugated to goat anti-rabbit IgG (Amer-
sham Life Sciences)] diluted 1:30 in PBS-A. Washed grids were
postfixed by a brief incubation in 2% glutaraldehyde (2–3 min).
Following fixation the grids were washed with two changes of 0.5%
BSA/PBS, pH 7.4 (5 min each) followed by two changes in Milli-Q
water (,2 min each). Dried grids were stained with either a
saturated uranyl acetate aqueous solution (3%) for 5 min or
alcoholic uranyl acetate (5%) for 15–30 s followed by a 1-min
incubation in a saturated lead citrate solution (2.5%). Grids were m
Copyright © 2000 by Academic Press. All rightexamined at 80 kV in a JEM 100CX II or at 75 kV in a Hitachi H-600
transmission electron microscope.
For fc177-specific immunolocalizations, the fc177 antiserum
was purified prior to use by either affinity chromatography or
preabsorption with whole ovaries from dec-1 protein null mutants.
For column chromatography, a bacterial fusion protein containing
the fc177-specific C-terminus was electrophoretically purified and
bound to activated Affi-Gel 10 matrix as described by the manu-
facturer (Bio-Rad Laboratories). fc177-specific antibodies were re-
covered from the column as described in Noguero´n and Waring
(1995) and stored at 220°C prior to use. Alternatively, the anti-
serum was preabsorbed by incubation overnight at 4°C with teased
ovaries isolated from fs(1)410 dec-1 female sterile mutants (1 ml
serum/paired ovaries). Preabsorbed antibodies were used immedi-
ately.
For light microscopy, semithick sections (200–300 nm) were
placed on Gold Plus slides (Erie Scientific Co.) and processed using
the target retrieval Citra solution (Inno Genex, San Ramon, CA) to
promote penetration of the antibodies. Prior to incubation with the
antibodies, the slides were blocked for 60 min with a solution
containing 5% BSA, 0.1% cold-water fish gelatin, and 10% goat
serum. Unless stated otherwise, slides were washed several times
in PBS, pH 7.2, containing 1% BSA followed by incubation with
preadsorbed dec-1 antibodies (1:10,000 dilution) for 1 h at room
temperature or overnight at 4°C. After several brief rinses, slides
were incubated for 20 min with diluted (1:50) goat anti-rabbit
antibody conjugated to biotin (Inno Genex). Following several brief
rinses, slides were incubated for 20 min with a streptavidin/
alkaline phosphatase solution, rinsed, and incubated with fast red
substrate for 20 min. Slides were viewed with a Zeiss light
microscope equipped with light, phase, and fluorescence lenses.
Digitized images of 35-mm slides were acquired with Scion Image
software. The montages were assembled with Adobe PhotoShop
software.
RESULTS
dec-1 Cleavages Are Postdepositional
To follow the distribution of dec-1 gene products and
their derivatives during development, we raised polyclonal
antisera to trp-E fusion proteins containing different regions
of the dec-1 open reading frame (Noguero´n and Waring,
1995). Figure 2 shows the primary translation products of
the dec-1 gene, fc106, fc125, and fc177, and the regions used
or the production of antibodies used in this paper. Antisera
–3 were directed against epitopes found in all three pri-
ary translation products. Since fc106 and its derivatives
re produced and accumulate in 10- to 20-fold greater
uantities than either fc125 or fc177 (Noguero´n and War-
ng, 1995), we assumed, a priori, that the bulk of the
mmune reactivity in situ with these sera could be attrib-
ted to fc106 and its cleaved derivatives. The dec-1 speci-
city in situ of all of the antisera used in this study was
erified by the absence of immunoreactivity in dec-1 pro-
ein null mutant egg chambers (fs(1)410 or fs(1)384) that
ere processed in parallel with the wild-type egg chambers
data not shown). fc106 and fc125 accumulate in stage 9 and
0A egg chambers, a period which encompasses approxi-
ately 12 h. During stage 10B, fc106 is cleaved at its
s of reproduction in any form reserved.
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462 Noguero´n, Mauzy-Melitz, and WaringN-terminus to s25 and s80 while fc125 is cleaved to a
95-kDa C-terminal product, s95. To establish whether the
cleavages of fc106 and fc125 occur intracellularly or extra-
cellularly, we used the Nfc106 antiserum (Fig. 2) to deter-
mine if the proproteins accumulated within the follicle
cells or in the extracellular space in stage 9 and 10A egg
chambers. The light micrograph in Fig. 3A shows intense
reactivity around the entire oocyte in an early wild-type
stage 10 egg chamber. In addition to an extracellular loca-
tion, the distribution suggests that fc106 is produced by all
of the follicle cell subpopulations, including those that are
involved in the elaboration of regional specializations at the
anterior and posterior poles. Reactivity in the micropylar
region of stage 12 egg chambers (Fig. 3B) is consistent with
this interpretation. Immunoelectron microscopy of stage
10A egg chambers (Fig. 3C) confirmed that fc106 is found
between the oocyte and the overlying follicle cells in the
region where the vitelline membrane is forming.
To separate the reactivities of fc106 and fc125 we made
use of dec-1 mutant egg chambers. The deficiency chromo-
some, Df(1)ct4b1, contains a breakpoint that falls in the
dec-1 transcription unit near the beginning of the fc177-
FIG. 2. Conceptual dec-1 translation products and their processed
derivatives. The boxed rectangles show the distinctive regions
which comprise the three dec-1 proproteins: fc177, fc125, and
fc106. All of the proproteins contain a large central region (shaded)
which consists of perfect and imperfect copies of a 26-amino-acid
repeat. The black box represents a 42-amino-acid segment common
to fc125 and fc177. The common region is followed by either the
shaded fc177- or fc125-specific C-terminal segments. The solid
lines beneath the proproteins denote their cleaved derivatives. The
N-terminus of s80 has been determined by N-terminal sequencing
(Waring et al., 1990). The positions of the other N-termini are
estimates based on the sizes and immune reactivities of the cleaved
products. The stages at which the cleavages occur are indicated at
the right in parentheses. Not shown are s25-, s20-, and s60-like
derivatives of fc177 which have been detected in late stage fs(1)410
egg chambers carrying the fc177 transgene (D. Mauzy-Melitz,
unpublished). The lines above the fc177 proprotein indicate the
regions used for the production of the dec-1 antibodies. Serum 1
(Nfc106) recognizes all three proproteins and s25. Serum 2 (Ns80)
recognizes all three proproteins, s80, s20, and s95. Serum 3 (Cfc106)
recognizes the proproteins and the s60 and s95 derivatives. Anti-
sera 4 and 5 (Ns85 and Cfc177, respectively) recognize fc177 and its
C-terminal derivative, s85.specific open reading frame (Hawley and Waring, 1988). The r
Copyright © 2000 by Academic Press. All rightdeficiency chromosome produces near wild-type levels of
fc106 and its derivatives but fails to produce either fc125 or
fc177 or their derivatives (Noguero´n and Waring, 1995;
Waring et al., 1990). The immunofluorescent staining pat-
tern of early stage 10 egg chambers from females heterozy-
gous for the deficiency chromosome and a dec-1 null
utation, fs(1)410, was indistinguishable from the wild-
ype pattern (data not shown). These results confirmed that
c106 is constitutively secreted and that its temporally
egulated cleavage to s80 and s25 occurs within the
itelline membrane.
As mentioned previously, fc125 is a minor dec-1 product
n wild-type egg chambers. To facilitate its visualization
nd distinguish it from fc106, we have utilized a dec-1
utant, fs(1)1501, which overproduces fc125. In fs(1)1501
utants, the 39 splice acceptor site used to generate fc106
RNA is mutated; efficient use of the alternative fc125 39
plice acceptor site yields fc125 mRNA and protein in
mounts comparable to those of fc106 in wild-type egg
hambers. fc106 is not produced in fs(1)1501 mutants
Waring et al., 1990; Noguero´n and Waring, 1995). The
istribution of fc125 in fs(1)1501 mutants likely reflects its
istribution in wild type as the general structural features
f fs(1)1501 and wild-type eggshells are similar (Komito-
poulou et al., 1983) and processing of the fc125 protein is
normal in fs(1)1501 (Noguero´n and Waring, 1995). Further-
more, overexpression of fc125 does not interfere with the
production of a functional eggshell since fs(1)1501/
FIG. 3. Immunolocalization of fc106 and fc125. (A) Bright-field
image of a section through an early stage 10 egg chamber reacted
with the Nfc106 serum showing staining in the region between the
follicle cells and the oocyte. The nurse cells which occupy more
than one-half of the chamber are to the left (nc); the oocyte (oo) is
surrounded by follicle cells (fc). (B) A bright-field image of a section
through an early stage 12 egg chamber reacted with the Cfc106
serum showing reactivity in the micropyle (m). Reactivity in the
micropyle was also observed with the Nfc106 serum at stage 11
(not shown). (C) Transmission electron micrograph of a sectioned
early stage 10 egg chamber reacted with the Nfc106 serum (1/500
dilution) showing the accumulation of gold particles in the region
where the vitelline membrane (vm) is forming. (D) An immunoflu-
orescent image of a sectioned early fs(1)1501 stage 10 egg chamber
eacted with Nfc106 serum. The scale bar in (C) represents 1 mm.
s of reproduction in any form reserved.
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463Eggshell Assembly in DrosophilaDf(1)ct4b1 heterozygotes are fertile and display wild-type
ggshell morphology despite the elevated levels of fc125.
he extracellular localization of fc125 in early stage 10 egg
hambers from homozygous fs(1)1501 females (Fig. 3D)
ndicates that like fc106, fc125 is constitutively secreted.
Trafficking of s25 to the Chorionic Layers during
Late Oogenesis
In dec-1 null mutants the endochorion fails to organize
into a tripartite structure and endochorion material col-
lapses into the vitelline membrane layer in late stage 14 egg
chambers. Abnormal chorion morphology has been previ-
ously associated with loss of both vitelline membrane
(Pascucci et al., 1996) and chorion structural proteins (Di-
gan et al., 1979). fc106 is localized in the vitelline mem-
rane. Since there is precedent for transient storage of
horion proteins in the vitelline membrane layer during the
arly choriogenic stages (11–13) (Pascucci et al., 1996;
Trougakos and Margaritis, 1998), we were interested in
following the distribution of the fc106 cleavage products,
s25 and s80.
After stage 10, s25 is the only fc106 derivative that is
recognized by the Nfc106 antiserum (Fig. 2) used in this
study. Since fc125 does not generate stable N-terminal
derivatives as it is cleaved (Noguero´n and Waring, 1995),
cross reactivity with fc125-related products is not problem-
atic after its cleavage during stage 10B. Although much less
abundant, reactivity with fc177 (stages 11–12) or its
N-terminal derivative(s) (stages 12–14) cannot be excluded.
Previous studies have indicated at least a 10-fold reduction
in the accumulation of fc177 relative to fc106 (Hawley and
Waring, 1988; Waring et al., 1990). Sectioned egg chambers
often display a pronounced separation between the vitelline
membrane and the forming chorion layers in late chorio-
genic egg chambers. The separation is an artifact of fixation
(Margaritis, 1985) but facilitates differentiation of the
vitelline membrane and chorion layers at both the light and
the EM levels. Figure 4 shows changes in the distribution of
the Nfc106-reactive epitopes during the choriogenic stages.
Transmission electron microscopy of wild-type stage 12 egg
chambers showed immunogold labeling throughout the
vitelline membrane and in the region of the forming cho-
rion (Figs. 4A and 4B). In stage 14 egg chambers light
microscopy revealed intense immunofluorescent staining
in the vitelline membrane and chorion layers of the main-
shell (Fig. 4C), anterior (Fig. 4D), and posterior pole regions
(not shown), as well as in the micropyle (Fig. 4E). In some
sections the reactivity in the chorion was split into two
layers (Fig. 4D). The split likely reflects regions where the
ICL has detached from the endochorion floor (Margaritis,
1985). Intense particulate staining was also observed in the
oocyte of stage 14 egg chambers (Figs. 4C and 4D). The
reactivity in the oocyte was not observed during the early
choriogenic stages (11–13) (data not shown), suggesting that
a redistribution of reactive epitopes to the oocyte occurs
late during oogenesis. Electron micrographs of late stage 14
Copyright © 2000 by Academic Press. All rightgg chambers show immunogold particles distributed
hroughout the roof, pillars, and floor of the endochorion
ayer (Fig. 4F). Gold particles were also localized within the
CL (Fig. 4G) and differentially concentrated along the
ocyte distal surface of the vitelline membrane (Fig. 4H).
he presence of a dec-1 product in the ICL is consistent
ith defects in the crystalline structure of the ICL previ-
usly reported for the fs(1)384 dec-1 mutants (Margaritis et
al., 1991).
To verify the identity of the reactive species we again
made use of dec-1 mutant egg chambers. Stage 14 egg
hambers from females heterozygous for the Df(1)4b1 chro-
osome and the dec-1 null mutation, fs(1)410, show struc-
ured eggshells that retain immunofluorescent staining in
he vitelline membrane and chorion layers (data not
hown), a result compatible with s25 staining. Conversely,
taining of the oocyte was not detected in late stage
f(1)ct4b1/fs(1)410 egg chambers, suggesting that staining of
he oocyte in the wild-type egg chambers was due to an
-terminal derivative of fc177. The immunofluorescent
taining pattern of fs(1)1501 stage 14 egg chambers was
onsistent with this interpretation. In fs(1)1501 mutants,
c106 and its derivatives are not produced; however, fc177
nd its derivatives are produced at or slightly above wild-
ype levels (Noguero´n and Waring, 1995). Immunofluores-
ent staining was readily apparent in the oocytes of
s(1)1501 stage 14 egg chambers (data not shown). The
omparable intensity of the oocyte stain in wild-type and
s(1)1501 mutant egg chambers is compatible with a fc177
erivative.
Unlike s25, s80 appears to be retained in the vitelline
embrane layer as choriogenesis progresses. The distribu-
ion of s80 can be followed prior to its cleavage in late stage
3 egg chambers with either the Ns80 or the Cfc106
ntiserum. When reacted with the Ns80 antiserum (serum
—Fig. 2) stage 11 egg chambers showed an even distribu-
ion of gold particles throughout the vitelline membrane
ayer (see Fig. 7A). The even distribution persisted into
tage 13 egg chambers. The absence of Ns80-reactive
pitopes aside from the vitelline membrane during the early
nd midchoriogenic stages suggests that the cleavage of s80,
ike that of its precursor fc106, occurs within the vitelline
embrane layer.
Differential Trafficking of s80 Derivatives to the
Chorion and Oocyte
Cleavage of s80 in the vitelline membrane in late stage 13
and early stage 14 egg chambers yields two proteins, an
N-terminal derivative of approximately 20 kDa (s20) and a
60-kDa C-terminal product, s60 (Fig. 2). This cleavage
occurs when the endochorion is organizing into a tripartite
structure. Since the chorion fails to become organized in
dec-1 mutants we previously postulated that s60 might be
required for these later assembly events (Bauer and Waring,
1987). A priori one might expect that a protein with an
essential role in organizing endochorion structure would be
s of reproduction in any form reserved.
464 Noguero´n, Mauzy-Melitz, and WaringFIG. 4. Relocalization of the s25 derivative to the chorion layers during late oogenesis. (A, B) Electron micrographs of sectioned stage 12
egg chambers reacted with a 1/500 dilution of the Nfc106 antisera showing gold particles distributed throughout the vitelline membrane
(vm) (A) and regions of the forming chorion (ch) (B). (C, D, E) Immunofluorescent images of sectioned stage 14 egg chambers reacted with
Nfc106 serum (oo—oocyte, ch—chorion, vm—vitelline membrane, m—micropyle). (C) Main-shell region; (D) anterior region of egg
chamber showing a split in the chorion layers; (E) chorion component of the micropyle. (F, G, H) Immunogold staining of the eggshell layers
from sectioned stage 14 egg chambers reacted with a 1/500 dilution of Nfc106. (F) Endochorion (en), (G) inner chorionic layer (icl), and (H)
vitelline membrane (vm). The scale bar in (A, B, F) represents 1 mm and in (G, H) 0.5 mm.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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465Eggshell Assembly in Drosophilalocalized in the chorion layer. Although s80, its precursor,
is restricted to the vitelline membrane layer, the cleavage
event which generates s60 may also trigger its release to the
endochorion. In stage 14 egg chambers the predominant
product detected by Western blot analysis with the Cfc106
antiserum (serum 3—Fig. 2) is s60. Figure 5 shows electron
micrographs of late stage 14 egg chamber incubated with
the Cfc106 serum. The majority of gold particles were
found in the vitelline membrane (Fig. 5B). The small num-
ber of gold particles associated with the endochorion (Fig.
5A) appeared to be dec-1 specific since chorionic material
was not stained in stage 14 egg chambers from fs(1)410
dec-1 mutants (data not shown).
Weak labeling of the chorion at best suggested that only
FIG. 5. Multilayered distribution of the s60 derivative in stage 14
eggshells. Immunogold staining of chorion layers (A) and vitelline
membrane (B) of a stage 14 egg chamber processed as described
under Materials and Methods and stained with a 1/100 dilution of
purified Cfc106 antiserum. (C) Same as (A) except the ovary was
fixed for 60 min in glutaraldehyde/formaldehyde rather than over-
night. The scale bars in (A) represent 1 mm and in (B) 0.5 mm.
ex—exochorion, en—endochorion, icl—inner chorion layer, vm—
vitelline membrane, oo—oocyte.a small fraction of s60 molecules move from the vitelline
Copyright © 2000 by Academic Press. All rightembrane to the chorion. Since glutaraldehyde can affect
issue antigenicity (Griffiths, 1993; Larsson, 1988), lightly
xed ovarian sections (60 min) were also reacted with the
fc106 serum. Although preservation of the structure was
ompromised under these conditions, the density of gold
articles over the roof and pillars of the endochorion (Fig.
C) was comparable to, if not greater than, that over the
itelline membrane (data not shown). In neither case was
eactivity observed over the ICL with the Cfc106 serum.
To determine how s60 distributes in an independent
anner, stage 14 egg chambers were fractionated biochemi-
ally. Following osmotic shock, chorions were manually
eparated from the remaining VMO, and the SDS-soluble
roteins from each fraction were analyzed by Western blot
nalysis. Figure 6A shows that more s60 was recovered in
he chorion than in the VMO fraction. However, the rela-
ive amounts of s60 in the two fractions varied from
xperiment to experiment (e.g., Figs. 6B and 6C). Several
actors may contribute to this variability. In early stage 14
gg chambers s80 is still being cleaved to s60. If s60 moves
rom the vitelline membrane to the chorion as development
rogresses, the proportion of s60 that associates with the
horion will depend upon the average developmental age of
he egg chambers within the “stage 14” pool analyzed.
urthermore, s60, like other eggshell proteins, becomes
ovalently cross-linked into SDS-insoluble complexes dur-
ng stage 14 (Noguero´n and Waring, 1995) and only soluble
60 is monitored by Western blot analysis. If there are
ifferences in the timing in which s60 becomes cross-linked
n the vitelline membrane and chorion layers, then the
istribution of s60 will be skewed by Western blot analysis.
evertheless, taken together, the morphological and bio-
hemical data indicate that both the vitelline membrane
nd the endochorion layers contain significant amounts of
60.
FIG. 6. Distribution of s60 in biochemically fractionated egg-
shells. The chorion (ch) and vitelline membrane-bound oocyte
(vmo) were manually separated in stage 14 egg chambers following
a brief osmotic shock. (A, B, C) Western blots of proteins in the 60
kDa range that reacted with the Cfc106 antiserum in fractions
obtained from three different pools (A, B, and C) of fractionated
stage 14 egg chambers. A portion of the egg chambers from each
pool was removed prior to the fractionation and run in parallel (s14)
to mark the position of the s60 derivative.
s of reproduction in any form reserved.
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466 Noguero´n, Mauzy-Melitz, and WaringContrasted with the outward movement and distribution
of s25 and s60 within the eggshell, the N-terminal deriva-
tive of s80, s20, is selectively taken up by the oocyte in
stage 14 egg chambers. s20 is the predominant product
detected by the Ns80 antiserum in stage 14 egg chambers
(Fig. 2). A 24-kDa product, s24, appears in late stage 13 egg
chambers, coincident with the processing of s80 to s60. The
smaller 20-kDa band prominent in stage 14 egg chambers
most likely represents a modified form of s24 (Noguero´n
and Waring, 1995). Figure 7B shows the immunofluorescent
staining patterns of a stage 11 and an early stage 14 egg
chamber reacted with the Ns80 serum. As expected only
the vitelline membrane stained in the stage 11 egg chamber.
However, the early stage 14 egg chamber shows continuous
staining in the vitelline membrane layer and punctate
staining in the oocyte. Staining of the outer chorion layers
was near background levels. The absence of immunofluo-
rescent staining in the oocyte in stage 11 and early chorio-
FIG. 7. Late stage uptake of s20, the N-terminal cleavage produc
egg chamber reacted with a 1/500 dilution of the Ns80 antiserum.
(s14) egg chambers reacted with the Ns80 antiserum. (C, D) Immun
Ns80 antisera (1/500 dilution). (C) Immunogold particles in smal
particles associated with the endochorion (en). icl—inner chorionigenic stage egg chambers (not shown) confirmed that the w
Copyright © 2000 by Academic Press. All rightelocation of the reactive epitopes was a late stage phenom-
non (late stage 13, stage 14). Oocyte staining was not
bserved with the Cfc106 antibody (data not shown), con-
rming as suspected that the reactivity observed was attrib-
table to s20, not s95. In late stage 14 egg chambers
s80-reactive epitopes were found almost exclusively in
he oocyte. Within the oocyte gold particles were associated
ith membrane-bound vesicles (Fig. 7C) that appeared to be
ore concentrated in the peripheral regions. A few gold
articles were observed over the endochorion (Fig. 7D). This
ay reflect the distribution of the minor s95 dec-1 compo-
ent. In fs(1)1501 egg chambers, where s95 is overproduced,
he endochorion stains prominently in stage 14 egg cham-
ers (not shown). Localization of s24/20 in the oocyte was
onfirmed by biochemical fractionation data. Figure 8
hows a Western blot of fractionated stage 14 egg chambers
ncubated with the Ns80 serum. The s24/s20 doublet was
eadily detected in the VMO fraction. Very weak reactivity
80, by the oocyte. (A) Electron micrograph of a sectioned stage 11
munofluorescent image of early stage 11 (s11) and early stage 14
d staining of sectioned late stage 14 egg chambers reacted with the
mbrane-bound vesicles within the oocyte (oo). (D) Scattered gold
er, vm—vitelline membrane. The scale bars represent 1 mm.t of s
(B) Im
ogol
l meas associated with the VMO fraction if the bulk of the
s of reproduction in any form reserved.
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467Eggshell Assembly in Drosophilaoocyte contents were released by puncturing the oocyte
proper (vmo-o in Fig. 8). Taken together, these data indicate
that most, if not all, of s24/20 promptly exits the vitelline
membrane as it forms and is rapidly taken up by the oocyte.
s85 Concentrates within the Endochorion Spaces
Unlike fc106 and fc125, which are synthesized during the
period of vitelline membrane formation, fc177 is synthe-
sized during the early choriogenic stages (11–12). fc177 is
cleaved via intermediates to a stable 85-kDa C-terminal
derivative, s85, which is selectively recognized by the
fc177-specific sera (4 and 5) depicted in Fig. 2. Significant
levels of s85 begin to accumulate in stage 12 egg chambers;
by stage 13 all of the s85 precursors have been converted
into the mature form (Noguero´n and Waring, 1995). When
reacted with the fc177-specific sera, immunoelectron mi-
croscopy of stage 13 egg chambers revealed gold particles
associated with the enlarged spaces between the pillar-like
structures found at the posterior pole (not shown) and in the
spaces between the pillars, the floor, and the roof of the
endochorion in the main-shell region (Fig. 9A). Scattered
gold particles were observed in the vitelline membrane
layer (Fig. 9C). In marked contrast to its association with
the endochorionic spaces in the posterior and main-shell
regions, s85 was preferentially associated with electron-
dense structures in the dorsal appendages (Fig. 9E). Gold
particles were concentrated in pillar-like structures within
the appendages and in the reticular-like network that out-
lines the appendages. To facilitate visualization of s85 and
confirm these preliminary findings, we overexpressed fc177
in a wild-type genetic background by creating transformant
lines carrying the fc177 transgene described under Materi-
als and Methods. In wild-type egg chambers the 5.7-kb
transcript encoding fc177 is produced during stages 11–12
FIG. 8. Asymmetric distribution of s20 in fractionated egg cham-
bers. Stage 14 egg chambers were separated into chorion (ch) and
vmo fractions as described in Fig. 6. An independent vmo fraction
from an equivalent number of egg chambers was punctured to
release the oocyte contents (vmo-o). Reactive proteins in the 20
kDa range from a Western blot incubated with the Ns80 antiserum
are shown (A). (B) A longer exposure of the blot shown in A
emphasizing the minimal reactivity that remains in the vmo
fraction after the oocyte contents have been released.when dec-1 transcript accumulation in toto is considerably m
Copyright © 2000 by Academic Press. All rightreduced relative to its peak accumulation during stages
9–10. The fc177 transgene is driven by normal dec-1 regu-
latory sequences; therefore fc177 transcript production
should not only be elevated, but also occur prematurely in
stage 9–10 egg chambers. Since fertile transgenic lines were
readily established, neither over- or premature expression of
fc177 appears to be deleterious to egg chamber develop-
ment. Immunoelectron microscopy indicated that as in
wild type, gold particles were concentrated in the endocho-
rionic spaces of the main-shell (Fig. 9B) and posterior pole
regions (not shown) and preferentially associated with the
reticulum and pillar-like structures of the dorsal append-
ages (Fig. 9F). As shown in Fig. 9F occasionally gold par-
ticles that appeared to track between the pillar-like struc-
tures were observed. This may indicate underlying
structural heterogeneity within the spaces of the dorsal
appendages. fc177-specific epitopes begin to accumulate in
the dorsal appendages during the early choriogenic stages.
Intense immunofluorescent staining was observed in stage
12 egg chambers in the regions associated with dorsal
appendage formation (Fig. 9G). As shown in Fig. 9H, in early
stage 14 egg chambers, fc177-specific epitopes extend from
the base to the tips of the dorsal appendages. In addition to
dorsal appendage staining, the anterior region of the stage
12 egg chamber showed intense staining in the outer
chorion layer with background level immunofluorescence
in the vitelline membrane layer (Fig. 9G). This contrasts
with the staining pattern observed in regions where the
main shell was assembling. Immunoelectron microscopy of
sectioned stage 12 egg chambers showed gold particles
associated with the surface of the follicle cells and the
vitelline membrane in the main-shell region (data not
shown). In stage 12 egg chambers eggshell development is
not synchronous throughout the entire egg chamber. Elabo-
ration of the chorion layers is more advanced in the anterior
than in the main-shell or posterior regions. The different
regional staining patterns observed in the stage 12 egg
chamber suggest that like fc106 and fc125, fc177 initially
accumulates in the vitelline membrane but either it or its
C-terminal derivative, s85, is rapidly released to the assem-
bling endochorion.
DISCUSSION
All of the dec-1 proproteins are constitutively secreted by
the follicle cells and accumulate in the vitelline membrane
where they are cleaved to multiple and distinct derivatives.
The dec-1 derivatives are differentially released from the
itelline membrane layer with respect to time and amount.
he release of s20 and s85 appears to be rapid and complete,
hile the release of s25 and s60 is gradual and incomplete.
ransient storage of follicle cell products within the
itelline membrane is not without precedent. s36 and s38,
ajor chorion proteins produced during early choriogenesis
stages 11–13), also transiently associate with the vitelline
embrane (Pascucci et al., 1996; Trougakos and Margaritis,
s of reproduction in any form reserved.
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468 Noguero´n, Mauzy-Melitz, and Waring1998). Immunogold labeling of stage 12 egg chambers
showed that while some s36 molecules remain near the
follicle cell border in the region where the chorion as-
sembles, most make their way to the morphologically
FIG. 9. The s85 C-terminal derivative of fc177 concentrates withi
wild-type stage 13 egg chamber incubated with affinity-purified Cf
the forming endochorion; (C) underlying vitelline membrane (vm
incubated with preadsorbed Cfc177 (1/10,000 dilution). Gold par
occasionally. (B, D, F) Transmission electron micrographs of section
preabsorbed Ns85 (B, D) or Cfc177 (F) serum (1/10,000 dilution). (B
(F) dorsal appendage. (G, H) Immunofluorescent images of the an
appendages of an early stage 14 egg chamber incubated with preabso
chorionic layer. The scale bars in (A, B, E, F) represent 1 m and incomplete vitelline membrane. In stage 14 egg chambers s36 a
Copyright © 2000 by Academic Press. All rights localized exclusively in the endochorion, hence the
elease of s36 from the vitelline membrane appears to be
omplete.
The transient sequestration and controlled release of s36
endochorion spaces. (A, C) Transmission electron micrographs of
serum (1/50 dilution). (A) Gold particles between the pillars (p) of
) Dorsal appendage (da) from a wild-type stage 14 egg chamber
tracking between the pillar-like structures (arrow) are observed
age 14 egg chambers from fc177 transgenic females incubated with
ochorion in main-shell region; (D) underlying vitelline membrane;
r region of a sectioned stage 12 egg chamber (G) and the dorsal
Ns85 serum. fc—follicle cell, ch—chorion, oo—oocyte, icl—inner
) 5 mm.n the
c177
). (E
ticles
ed st
) End
terio
rbednd the dec-1 derivatives from the vitelline membrane
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469Eggshell Assembly in Drosophilaprovides a means for temporally separating the secretion
and utilization of follicle cell products. Sequestration of the
chorion proteins synthesized during the early stages of
eggshell formation may be necessary to accumulate thresh-
old concentrations prior to assembly; alternatively seques-
tration may prevent premature or inappropriate protein–
protein interactions. It is also possible that the vitelline
membrane provides a surface upon which chorion subpar-
ticles assemble. A role for vitelline membrane proteins in
proper chorion assembly is consistent with the sV23 pro-
tein null mutant phenotype described earlier. Perhaps in
the absence of sV23 aberrant subparticles assemble which,
when released, incorporate into an unstable structure that
eventually collapses. While we have shown that the
vitelline membrane serves as a transient storage site for
several chorion components, the vitelline membrane has
also been suggested as a potential storage site for follicle
cell products involved in embryonic pattern formation. The
activities of several follicle cell products, including nudel,
pipe, and torso-like, are required during early embryogen-
esis, long after the follicle cells have degenerated at the end
of oogenesis (Morgan and Mahowald, 1996). It has been
suggested that some of these products might be stored in
the vitelline membrane (Savant-Bhonsale and Montell,
1993; St. Johnston and Nusslein-Volhard, 1992).
An intriguing aspect of our immunolocalization data was
the late relocation of s20 epitopes and fc177-derived
N-terminal epitopes to the oocyte in stage 14 egg chambers.
Endocytotic uptake of yolk proteins during the vitellogenic
stages (8–10), prior to the completion of the vitelline
membrane, is well documented (Engelmann, 1979; Schon-
baum et al., 1995); late endocytotic activity (e.g., stage 14)
has not been reported. The differential and rapid uptake of
the dec-1 derivatives suggests a receptor-mediated process.
While the functional significance of the uptake of these
derivatives is not known, the late uptake does provide a
mechanism by which the follicle cells can continue to
communicate with the oocyte after the morphological
completion of the vitelline membrane, a structure which
has been perceived as an impenetrable physical barrier.
LeMosy et al. (1998) have described delayed embryonic
uptake of nudel, a follicle cell product essential for embry-
onic dorsoventral polarity. Unlike s20, during oogenesis
nudel accumulates on or near the surface of the oocyte in a
region that is distinct from the vitelline membrane layer,
where it remains until its uptake by the early embryo.
Preliminary genetic data indicated that derivatives of at
least two and most likely all three dec-1 proproteins were
necessary to assemble a functional eggshell (Hawley and
Waring, 1988). The distinct localization patterns of the
dec-1 derivatives is consistent with functional multiplicity.
Our light microscopic data showed that derivatives of all
three dec-1 proproteins are widely distributed regionally.
Nilson and Schupbach (1998) have shown that mosaic egg
chambers consisting of homozygous dec-1 mutant follicle
cell clones within a heterozygous background produce
mosaic eggshells. The regions of the eggshell which overlay D
Copyright © 2000 by Academic Press. All righthe mutant follicle cell clones exhibit the collapsed dec-1
utant phenotype. The borders of the aberrant regions
lign precisely with the marked dec-1 follicle cell clones,
uggesting that lateral diffusion of secreted dec-1 proteins is
inimal. Thus, the widespread distribution of the minor
ec-1 derivatives indicates that their production is not
estricted to specific follicle cell subpopulations. Although
oth s60 and s25 display a multilayered distribution, s25
ppears to be unique in its association with the ICL. Since
he ICL stained only with the Nfc106 antisera we attribute
his reactivity to s25. While we cannot exclude the possi-
ility of a minor contribution from an fc177 N-terminal
erivative, the lack of reactivity with the Ns80, Cfc106, and
fc177 sera suggests that if fc177 contributes to the stain-
ng pattern it does so in the form of an s25-like product.
ike s60, s95, the C-terminal derivative of the fc125 pro-
rotein, associates with the endochorion proper (D. Mauzy-
elitz, unpublished), while s85, the C-terminal derivative
f fc177, is unique in its association with the endochorionic
avities or spaces. Morphological studies have shown that
he endochorionic cavities found in the main body, respira-
ory appendages, and posterior pole regions of stage 14 egg
hambers are filled by an ill-defined flocculent material of
olysaccharide nature which is secreted by the follicle cells
Margaritis, 1985). s85 is the first proteinaceous component
ssociated with this region. It may provide a scaffold which
ids in endochorion morphogenesis and/or it may be in-
olved in its stabilization. Two distinct domains within s85
hat may relate to its unique function have been revealed
hrough an evolutionary comparison of the Drosophila
elanogaster and D. virilis dec-1 homologs (Badciong and
aring, unpublished). The N-terminal region of s85 con-
ains four pairs of strictly conserved cysteine residues
CXC) within a 36-amino-acid stretch. The cysteine region
s followed by a highly conserved block of 65 amino acids
93% identity) extraordinarily rich in acidic residues (30%).
The distribution of the dec-1 derivatives in the assem-
ling and mature eggshell raises several trafficking issues.
etention of the dec-1 derivatives in the vitelline mem-
rane may be the result of direct interactions with vitelline
embrane proteins or the derivatives may bind indirectly
s part of a protein complex. In either case, the rapid release
f s20 and more than likely s85 as they are cleaved from
heir precursors indicates that these dec-1 regions do not
ontain vitelline membrane retention sequences. The re-
ention of the N-terminal epitopes in the form of s25 and
he C-terminal epitopes in the form of s60 suggests that its
recursor, fc106, is anchored at multiple sites. Finally, once
he proteins are released, questions arise regarding the
olecular tags that are necessary for the incorporation of
25 into the ICL, s85 into the endochorionic spaces, and s20
nto the oocyte. By using a combined genetic and biochemi-
al approach it should be possible to define the interacting
otifs and proteins involved in this complex extracellular
rafficking pathway and in so doing begin to understand in
olecular terms how a large intricate structure such as the
rosophila eggshell is assembled in vivo.
s of reproduction in any form reserved.
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